3
Fe flux during the growth, but also by the local fluctuation of the Fe concentration in the Ge 1-x Fe x films; 12 T C increases with increasing the fluctuation. It was recently shown that nanoscale local ferromagnetic regions, which are formed through ferromagnetic exchange interactions in the high-Fe-content regions of the Ge 1-x Fe x films, exist even at room temperature, well above the T C of 20 -100 K. 13 It was also found that with decreasing temperature, the local ferromagnetic regions are expanded, followed by a transition of the entire film into a ferromagnetic state at T C . 13 Since the Fe-rich region probably has a significant amount of holes, the double exchange interaction between the Fe atoms most likely induces the ferromagnetic order in that region. However, it was not clarified whether the ferromagnetic order is also induced by the transport carriers (holes) between the Fe-rich regions via the Fe-poor region (lower x region) or not.
The electronic structure of a Ge 1-x Fe x (x = 6.5 %) film was recently studied by soft X-ray angle-resolved photoemission spectroscopy (SX-ARPES) measurements. 15 Although the band structure of the Ge 1-x Fe x film is basically the same as that of Ge, an additional Fe 3d energy band in the band gap, which is located at ~0.35 eV above the valence band top, was also detected. Furthermore, the Fermi level E F was located at this additional energy band, which comes from the impurity levels of the Fe 3d states. Another study using X-ray magnetic circular dichroism (XMCD) 13 indicates that the substitutional Fe atoms in the Ge 1-x Fe x films (x = 6.5 %) are divalent (Fe 2+ ). Thus, these two results are consistent with the model mentioned in the previous paragraph 13 that a large number of holes are present in the Fe-rich regions and induce the ferromagnetic order in these regions. However, the XMCD 13 and SX-ARPES 15 signals did not give direct evidence of the model, since they were composed of both signals from nano-scale Fe-rich and Fe-poor regions.
In our previous work, the electrical transport properties of Ge 1-x Fe x films were also studied. To answer these questions, in this paper, we investigate the systematic and detailed electrical transport properties of Ge 1-x Fe x without and with boron (B) doping. Here, B works as an acceptor 14 and thus we can increase the hole concentration. Since transport measurements can detect signals arising from small-scale regions, the mechanism of ferromagnetic ordering 13, 15 can be examined microscopically. To obtain the precise transport properties, the Ge 1-x Fe x films were grown on silicon-on-insulator (SOI) substrates with a very thin (∼5 nm) Si top layer as shown in Fig. 1 , by which 4 we can prevent parallel conduction through the substrate. More specifically, one of our purposes is to investigate whether the holes conducting between the Fe-rich regions play an important role in the ferromagnetic order of the entire Ge 1-x Fe x films or not, by comparing the properties of undoped and B-doped Ge 1-x Fe x films with various x. Since B doping causes a higher hole density in the Fe-poor regions, it is expected that T C becomes higher if the holes in the Fe-poor regions induce ferromagnetic coupling between the ferromagnetic Fe-rich regions. Another purpose is to obtain the band profile of the Ge 1-x Fe x films taking into account the spatial fluctuation of the Fe concentration. As described previously, the band structure revealed by SX-ARPES 15 originates from both the Fe-rich and Fe-poor regions. Since the transport properties are expected to change depending on x and undoped/B-doped Ge 1-x Fe x films, we can expect that the properties of both the Fe-rich and Fe-poor regions are revealed by comparing the results of Ge 1-x Fe x films with various material parameters.
In the following sections, we present the crystal growth, magnetic properties (Section II), transport properties involving hopping (Section III A-D), the band profiles of the Ge 1-x Fe x films with x = 2.3 -14.0 % with and without B doping (Section III E and F), and then discuss the relation between the hole transport and the magnetic properties (Section IV). We also describe other transport properties; the anomalous Hall conductivity, conductivity, and temperature dependence of the Hall mobility of the Ge 1-x Fe x films (x = 2.3 -14.0 %) with and without B doping (Section V). Finally, concluding remarks are stated (Section VI).
II. CRYSTAL GROWTH AND MAGNETIC PROPERTIES
As shown in Fig. 1 (Ge 1-x Fe x :B) films were grown, a B flux was also supplied during the growth, where the B doping concentration y was fixed. A B-doped 100-nm-thick Ge (Ge:B) film was also grown on a SOI substrate at 200°C as a reference sample. The parameters x and y of all the Ge 1-x Fe x films are listed in Table I , where x and y were estimated by Rutherford backscattering spectrometry (RBS) and secondary ion mass spectrometry (SIMS), respectively. The magnetic properties of the as-grown samples were characterized by reflection magnetic circular dichroism (MCD) spectra, MCD vs. magnetic field (MCD-H), and magnetization vs. magnetic field (M-H) measured by a superconducting interference device magnetometer (SQUID). These measurements were performed in the temperature range of 5 -100 K, and the magnetic 5 field was applied perpendicular to the film plane.
To measure the anomalous Hall resistance (AHR) and resistivity ρ, some of the samples were patterned into
Hall-bar shaped devices (length: 200 µm, width: 50 µm) by photolithography and wet etching. These transport measurements were performed with a self-made cryostat system with a 1 T electromagnet and Spectromag 4000 (Oxford Instruments) with a 7 T superconducting magnet.
The Curie temperature T C was estimated by the Arrott plots of MCD-H curves measured at various temperatures (5 -120 K) as shown in Table I (the definition of T C in this study is stated in Section I of Supplementary Material (SM)).
To see whether the where each signal was normalized by each maximum value. Since the normalized signals for the same sample were identical, the magnetic properties in these Ge 1-x Fe x films originate from a single ferromagnetic semiconductor phase, and there is no second phase. This conclusion is the same as that in the previous study on Ge 1-x Fe x films 10 .
III. HOLE TRANSPORT AND BAND PROFILES
A. Temperature dependence of resistivity and hopping conduction Figure 3 shows the temperature dependence of the resistivity ρ measured for the undoped Ge 1-x Fe x (blue solid curves) and B-doped Ge 1-x Fe x :B (green broken curves) films, in which ρ of Ge:B (black broken curves, sample B0) is also shown in the graph of the samples with x = 2.3 %. In all the undoped Ge 1-x Fe x films, ρ increases with decreasing temperature, and it decreases with increasing x in the x range from 2.3 to 14.0%. On the other hand, ρ of the Ge 1-x Fe x :B films with x = 2.3 % is independent of temperature, whereas ρ of the Ge 1-x Fe x :B films with x = 6.5, 10.5, and 14.0 % increases with decreasing temperature. Moreover, ρ of the Ge 1-x Fe x :B films with x = 6.5, 10.5, and 14.0 % increases with increasing x. Comparing the features of both undoped and B-doped films, ρ of the Ge 1-x Fe x :B films with higher x (= 6.5, 10.5, and 14.0 %) seems to have the temperature dependence similar to that of the undoped Ge 1-x Fe x films at the same x, and ρ of both films are comparable at x = 14.0%. The Ge:B film is degenerate and its ρ is independent of temperature, and its ρ value is smaller than that of the Ge 1-x Fe x :B films with x = 2.3 %. These results suggest that the Fermi energy becomes higher and the concentration of conduction holes become smaller with increasing the Fe concentration x, and that the effect of B doping is almost negligible at x = 14.0%. We will show the band profiles of Ge 1-x Fe x later in Section III E and F based on our experimental results.
B. Fitting by the Efros-Shklovskii variable range hopping model
Since ρ of the undoped Ge 1-x Fe x films decreases with increasing temperature and decreases with increasing x in the range from x = 2.3 to 14.0 %, we expect that the transport is dominated by the hopping of itinerant holes between hopping sites which were introduced by the Fe atoms. To confirm this scenario, the conductivity σ was plotted as a function of T -1/2 and then it was fitted by the following equation based on the Efros-Shklovskii variable range hopping (ES-VRH) model 17, 18, 19 : 
where T 0 is a characteristic temperature, ε 0 ε r is the dielectric constant of the material, k B is the Boltzmann constant, a is the localization length, β is a dimension-dependent coefficient (β = 2.8 for three dimensional systems), and e is the elementary charge. Here, it is assumed that ε 0 ε r is the same as that of Ge for all the x. , the increase of a and the decrease of T 0 mean that the increase of the average size of the Fe rich regions, which corresponds to a, leads to the increase in the hopping probability. Since undoped Ge 1-x Fe x films with higher x has higher σ as seen in Fig. 3 , the transport model is as follows; the Fe-rich regions are the hole hopping sites, and the increase of the average size of the Fe-rich regions leads to the decrease of the average length between the hopping sites, which results in the increase of the hopping probability. and p at 300 K in this figure is listed in Table I . As shown in Fig. 5 (a), p in the whole temperature range is significantly increased with increasing x: p for x = 14.0 % is 3.6 × 10 19 cm -3 at 300 K, which is 30 times larger than that for x = 2.3 %,
. As temperature increases, p decreases for x = 10.5 and 14.0 %, whereas it increases for x = 2.3 and 6.5 %.
Since the total change in p below 100 K is less than one order of magnitude, it is confirmed that the change in σ in Fig.   4 (a), which is ~3 -5 orders of magnitude, is mostly dominated by the hopping probability determined by temperature. to the transport in the lower temperature range (T < ~11 K for x = 6.5 %, T < ~45 K for x = 10.5 %, and T < ~100 K for x = 14.0 %), since Eq. (1) is not exactly but roughly fitted to the experimental data in these temperature ranges ( Fig. 4(d) ). In another previous study, the cross-sectional TEM observation and EDX measurements of Ge 1-x Fe x films (x = 9.5 %)
revealed that the local Fe concentration in the Fe-rich regions was x = ~12 % which is significantly higher than that in the Fe-poor regions (x = ~4 %) 8 . From these previous results and the present result showing that the Fe-rich and Fe-poor regions are the hopping sites and the conduction paths, respectively, we conclude that the most holes are localized in the Fe-rich regions. Furthermore, the average hole concentration in the Fe rich regions can be estimated to be more than 10
, which is larger than the estimated p in the Ge 1-x Fe x films with x = 14.0 % in Fig. 6(a) .
E. Band profile of the undoped Ge 1-x Fe x films
The results and discussions described above allow us to illustrate the band profiles of the undoped and B-doped of TEM and EDX 8, 9 . In response to these increases, the Fe concentration in the Fe-poor region (the white and pale orange regions) also increases. . At x = 2.3 % (low Fe content), since the conduction through the Fe-poor region, which is nearly heavily-boron-doped Ge:B, is dominant, this region is continuous, which is represented by the continuous blue color as shown in Fig. 8(a) . In this continuous region, the pale and white color regions are also drawn, which originates from the Fe atoms, since p in Fig. 5(b) is lower than that of the Ge:B film. At x = 10.5 % (high Fe content), since the hole hopping between the Fe-rich regions is dominant, the degenerated p-type regions are discontinuous which are represented the blue-island regions as shown in Fig. 8(b) . Even though they are discontinuous, the conduction through the blue islands in Fig. 8(b) contributes to the transport, but the fraction of this conduction decreases with increasing x because the average size of the blue islands and the distance between the orange islands decrease with increasing x. (Fig. 6 ). Our analysis of the temperature dependence of ρ in undoped Ge 1-x Fe x films ( Fig. 4(a) -(c))
indicates that hopping transport in the impurity band of Fe is dominant. To be consistent with our experimental results (Figs. 3 -6 ) and previous studies 13, 15 , we have deduced the band profiles for both of the Ge 1-x Fe x (Figs. 7) and Ge 1-x Fe x :B (Figs. 8) films. In the following section, we will discuss the magnetic properties of the Ge 1-x Fe x on the basis of the band profiles ( Figs. 7 and 8 ).
IV. RELATION BETWEEN THE MAGNETIC PROPERTIES AND HOLE TRANSPORT IN Ge 1-x Fe x
In this section, we discuss the magnetic properties of the Ge 1-x Fe x on the basis of the transport properties and band profiles shown in Section III. Figure 9 (a) shows the relation between T C and x of the undoped Ge 1-x Fe x films (blue circles) and the B-doped Ge 1-x Fe x :B films (green squares), where T C was estimated by the Arrott plots of MCD-H curves as stated in Section II of the main text and Section I of SM. In Fig. 9 (a), T C increases by 100 K as x is increased from 2.3 to 14.0 % for both the undoped Ge 1-x Fe x and Ge 1-x Fe x :B films, and it is seemingly determined by x. Thus, T C is probably related to the increase of the local Fe concentration and the average size of the Fe-rich regions with increasing x, but B doping has no influence on T C .
For further analysis, T C was also plotted as a function of the hole concentration p at 100 K (Fig. 6(a) ), as shown in Fig. 9(b .
In Section III F, we concluded that p of the is probably more than 10 20 cm -3 as discussed in Section III D, such a large number of holes hopping in the Fe impurity band can induce the ferromagnetic ordering between the Fe atoms via the double exchange interaction. 15 The strength of the ferromagnetic ordering, which is reflected in T C , is determined by the total number of spins in one Fe impurity band, which becomes larger with increasing x. In the case of the Ge 1-x Fe x :B films at high x (6.5, 10.5, and 14 %), since E F also intersects the valence band in the Fe-poor regions ( Fig. 8 (d) ), a large number of holes can also transport from one Fe impurity band to another through the valence band. However, the holes may lose their spin information during the transport, and thus ferromagnetic ordering between the Fe-rich regions is not induced at relatively high temperature. Thus, the region of the ferromagnetic ordering almost overlaps with the Fe-rich region and T C is determined only by x. As shown in Fig. 9(a) , B doping has no influence on T C . This is because the environment surrounding the impurity band holes in the Fe-rich region are not changed by B doping (Fig 7(d) and 8(d) ) as discussed above. Our discussion in this section is consistent with the conclusion in the previous studies 9, 13 : The ferromagnetic ordering occurs around the Fe-rich regions and it is more pronounced by the increase in the fluctuation of the spatial Fe concentration between the Fe-poor and Fe-rich regions.
V. OTHER TRANSPORT PROPERTIES OF Ge 1-x Fe x

A. Anomalous Hall conductivity vs conductivity
In this section, we show additional experimental results of transport properties in the undoped ). 23 We also found that µ of each Ge 1-x Fe x film in Fig. 11 
VI. CONCLUSION
We have clarified the systematic and detailed hole transport and magnetic properties of the Ge 1-x Fe x (x = 2.3 - Curie temperature Sapmle 
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Impurity band conduction in group-IV ferromagnetic semiconductor Ge The Curie temperature T C of the undoped Ge 1-x Fe x and boron-doped Ge 1-x Fe x :B (x = 2.3 -14.0 %) films in Table   I was estimated by the Arrott plots of the magnetic field dependence of the reflection magnetic circular dichroism (MCD) intensity (MCD − H curves). The MCD intensity is proportional to the magnetization of the films as presented in Fig. 2 , and does not contain the diamagnetic contribution of the SOI substrates. Our previous work of XMCD study 13 showed that the entire film is ferromagnetic at T < T C and the film becomes superparamagnetic above T C . Fig. S1 . This is mainly because of the method of subtracting the ordinary Hall effect, as described in Section II. In this method, linear slopes of the Hall resistance R xy between 4 and 5 T are presumed to be only the ordinary Hall component, but simultaneously, the paramagnetic AHE component is also present and subtracted. Hence, the paramagnetic component cannot be separated from the ordinary Hall effect in this method. The ratio of the paramagnetic contribution to the ferromagnetic contribution in the total magnetization at various temperatures can be estimated from the magnetic field dependence of the Fe selective XMCD intensity shown in Fig. S3 (a) 
13
. In the case of the Ge 1-x Fe x (x = 6.5 %) film grown on a Ge (001) substrate 13 , the ratio near T C (= 100 K) becomes larger than that at lower temperature as shown in Fig. S3 (b). This can explain the results of Fig. 10 . The difference in σ AHE (≈ ρ AHE /ρ 2 ) between the fit and the data in Fig. 10 (upper right side of the plots) is enlarged near T C , because the ratio of the paramagnetic contribution to the linear slope is larger than that at lower temperatures (lower left side of the plots). (a) (b)
